Dislocations in austenitic and ferritic stainless steels (SSs) under cyclic loading were quantitatively evaluated via X-ray diffraction line-profile analysis to determine the relationship between the dislocation density and low-cycle fatigue (LCF) life in both SSs. The dislocation density of the austenitic and ferritic SSs varied linearly with respect to the LCF life in a double-logarithmic graph, with different slopes of the line. The dislocation density normalized by the maximum work hardening for both SSs exhibited a log-log linear relationship with the LCF life. The fraction of screw dislocations in the ferritic SS decreased with decreasing LCF life owing to the easy cross-slip of dislocations. Because of the difficulty of the cross-slip of dislocations in the austenitic SS, the fraction of screw dislocations remained almost constant throughout the LCF life. Analysis of the crystallite size and the dislocation arrangement with respect to the dislocation density under tensile and cyclic loading revealed that the dislocation arrangement for cyclic loading was smaller than that for tensile loading. Thus, the dislocation arrangement was related to the cyclic loading. In the plot of the dislocation evolution versus the number of cycles, two stages were observed in the variation of the dislocation characteristics for both SSs. In the first stage, the dislocation density increased, and the crystallite size decreased. The dislocation arrangement parameter of the ferritic and austenitic SS decreased and remained the same, respectively, in the first stage. In the second stage, the dislocation density, dislocation arrangement parameter, and crystallite size remained constant.
Introduction
Austenitic and ferritic stainless steels (SSs) are commonly subjected to cyclic loading in industrial applications. Because of the low stacking-fault energy of austenitic SS, the cross-slip of the dislocations in austenitic SS is difficult during plastic deformation, compared with that in ferritic SS. The cross-slip difficulty leads to low annihilation of dislocations, resulting in a higher dislocation density in austenitic SS compared with ferritic SS.
1) The high dislocation density is coincident with significant monotonic tensile elongation in austenitic SS. The low-cycle fatigue (LCF) life is considered to be related to the tensile elongation; [2] [3] [4] however, studies have shown that the relationship between the LCF life and the tensile elongation is not necessarily strong. 5, 6) Additionally, with the increase in the dislocation density and elongation, the maximum tensile work hardening of austenitic SS increases. Therefore, to elucidate the effect of the maximum tensile work hardening of austenitic and ferritic SSs on the LCF life, measuring the dislocation density of cyclically loaded austenitic and ferritic SSs with different LCF lives is a viable approach.
Transmission electron microscopy (TEM) has been used to characterize dislocations of cyclically loaded materials. [7] [8] [9] [10] [11] However, it is difficult to measure the dislocation density of tangled structures, such as dislocation cell walls, via TEM. Electron backscatter diffraction (EBSD) has been applied for studying dislocations of cyclically loaded alloys. [12] [13] [14] [15] Kernel average misorientation (KAM) is used to observe geometrically necessary dislocations (GNDs). However, for determining the relationship between the dislocation density and the LCF life, not only GNDs but also statistically stored dislocations (SSDs) should be considered. Recently, X-ray diffraction line-profile analysis (DLPA) has been applied for characterizing dislocations in various cyclically loaded alloys. [16] [17] [18] By using X-ray DLPA, the dislocation density, dislocation arrangement, average crystallite size, and dislocation character (edge/screw) can be determined. In previous studies, 16, 17) X-ray DLPA was used to compare the dislocation characteristics before and after LCF of alloys. Kishor et al. 18) investigated the effects of the fatigue loading parameters on the dislocation characteristics of cyclically loaded steel via X-ray DLPA. Thus, X-ray DLPA is one of the most promising techniques for characterizing dislocations.
The main objective of the present study was to determine the relationship between the dislocation density and the LCF life by using the X-ray DLPA method. The effect of the maximum tensile work hardening of the materials on the relationship between the LCF life and the dislocation density was also investigated. Additionally, the changes of the dislocation parameters with different stress amplitudes were examined, and the evolution of the dislocation parameters with respect to the number of cycles was studied for both austenitic and ferritic SSs.
Experimental

Materials
The materials under study were AISI 316L and AISI 430 (hereinafter referred to as austenitic and ferritic SSs, respectively). The compositions of the SSs are presented in Table 1 . Figure 1 shows the tensile stress-strain curves of the austenitic and ferritic SSs at a strain rate of 7.16 × 10
. The yield points of the austenitic and ferritic SSs are comparable. The austenitic SS exhibits a higher maximum work hardening and higher elongation than the ferritic SS under tensile loading. Figure 2 shows the geometry of the fatigue specimen used for the fatigue tests. The fatigue tests were performed , as shown in Fig. 3 . To study the effect of the number of cycles on the fatigued SSs, the fatigue testing was stopped at different numbers of cycles (see Fig. 3 ) for each sample without fracture. For all the stress amplitudes, the σ max was larger than 400 MPa. Notably, the fatigue lives were similar for the austenitic and ferritic SSs at a stress amplitude of 250 MPa, despite differences in the maximum work hardening and elongation of the SSs under tensile loading. The dashed line in Fig. 3 was calculated using the Basquin law 19) to determine the stress amplitude for 10 7 cycles: olation of the S-N curve to the first half-cycle, b is the exponent of the S-N curve, and N f is the number of cycles until fracture. According to calculations, the stress amplitude at the fatigue limit for both the austenitic and ferritic SSs at 10 7 number cycles was approximately 110 MPa, in spite of the significant differences in the maximum work hardening and elongation in the tensile test between the SSs.
Fatigue Test
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Microstructural Characterization
After the cyclic loading was stopped, the cross section of the samples was obtained by transverse cutting from the middle of the samples (see Fig. 2 ). The surface of the cross section of the samples was characterized using X-ray diffraction (XRD) and EBSD measurements. The surface of the cross section of the fatigued samples was prepared via polishing. Before the XRD measurement, electropolishing was performed at 30 V for 2 min using a solution containing 90% acetic acid and 10% perchloric acid as an electrolyte to remove the mechanically polished layer. The XRD patterns were measured using a Bragg-Brentano diffractometer (D8 Advance, Bruker), which can obtain a high flux and has a high resolution. The measurements were performed with CuKα 1 radiation, which was monochromated by a Johansson monochromator, with an operation voltage of 40 kV and a tube current of 40 mA. The maximum of all the peaks was considered 10 000 counts to obtain 1% error. Six diffraction peaks were analyzed for each SS: 111, 200, 311, 222, 400, and 331 for the austenitic SS and 110, 200, 211, 220, 310, and 222 for the ferritic SS.
To obtain EBSD images, the electropolished surfaces of the samples were prepared with a colloidal silica slurry 20 nm in size, followed by ion-milling surface preparation. The EBSD measurements were performed to analyze the KAM by using two scanning electron microscopes (FE-SEM Hitachi and SU5000 JSM-6610LA) equipped with an EDAX OIM system. The measurements were performed on the surface of the cross section of the fatigued samples with a scanning area of 180 μm × 180 μm and a step size of 0.5 μm.
X-ray DLPA
The convolution multiple whole profile (CMWP) method [20] [21] [22] [23] was employed to analyze the XRD line profiles. The obtained line profiles were fitted using a theoretical profile, which was the result of the convolution of the crystallite size, strain due to dislocations, and instrumental profiles. The Fourier transform equation 23) for the theoretical strain profile is as follows:
where L is the Fourier variable, g is the absolute value of the diffraction vector, and
is the mean-square strain.
The intensity profile s can be expressed as where λ is the wavelength of the X-rays, and 2θ and 2θ B are the scattering angle and the exact Bragg position, respectively. For dislocated crystals, the mean-square strain is The shape analysis of the XRD peaks indicates the coherently scattering domain size (hereinafter referred to as the crystallite size). The crystallite size given by X-ray DLPA provides the subgrain or cell size bounded by small-angle grain boundaries or dipolar walls. 23, 25) By assuming a lognormal distribution of the crystallite size, one can determine the theoretical size profile:
where T is the crystallite size, and log m and σ are the median and variance of the lognormal size distribution, respectively. In the present case, the area-weighted crystallite size X area is used: The dimensionless M value, which describes the dipole character of the dislocation arrangement, is obtained via normalization of R e by the average distance 1 / U between dislocations, M R e U . For a strong dipole character, i.e., when R e is smaller than the average dislocation distance, M is smaller than unity (M < 1). In contrast, when R e is larger than the average dislocation distance, M is larger than unity (M > 1). Additionally, the peak broadening due to dislocations depends on the relative orientations between their Burgers and line vectors, as well as the diffraction vector, which is taken into account by the dislocation contrast factors. 20, 27, 28) The contrast factors corresponding to one particular hkl can be averaged over the permutations of these hkls. 29) In the case of cubic polycrystalline materials, the average dislocation contrast factor is determined using the following equation: (7) where C h00 is the average dislocation contrast factor for h00-type reflections, and q is related to the fraction of the edge/ screw character of the dislocations. 27, 28, 30) As an example, the CMWP analysis and the obtained dislocation parameters for a fatigued austenitic SS sample at σ a = 250 MPa and 10 3 cycles are shown in Fig. 4. 
Results and Discussion
Dislocation Evolution Versus Number of Cycles
For quantitative analysis of the dislocation characteristics of the cyclically loaded austenitic SS, DLPA was performed for the full width at half maximum (FWHM) of each XRD peak. Figure 5 shows the change in the FWHMs of all the peaks at σ a = 250 MPa and different numbers of cycles for the cyclically loaded austenitic SS. There were two stages in the variation of the FWHMs with respect to the number of cycles: an increasing stage and a constant stage.
The evolution of the dislocation parameters versus the number of cycles at σ a = 200 and 250 MPa is shown in Fig.  6 . The error bars are related to the fitting errors of the dislocation parameters, which do not consider sampling errors. As the cycling proceeded in the early stage, the dislocation density increased (stage I). The area-weighted crystallite size results show that crystallite size decreased with the increasing number of cycles during stage I. The M parameter remained constant (M < 1) during cycling in stage I for both stress amplitudes, indicating that the dislocations were correlated in stage I. In stage II, for both stress amplitudes (in Fig. 6 ), all the dislocation parameters (ρ, M, and X area ) remained constant. According to Fig. 6(a) , the dislocation density in stage II at 250 MPa was higher than that at 200 MPa. Additionally, a larger stress amplitude led to a smaller crystallite size in stage II, which agrees with previous studies. 31, 32) Further, stage II started at a larger number of cycles at 200 MPa than at 250 MPa. Figure 7 shows the EBSD results for fatigued specimens at σ a = 200 and 250 MPa at different numbers of cycles during stage II (see Fig. 6 ). The KAM map characterizes the local misorientation gradient induced by GNDs. The KAM maps were compared with the inverse pole figure maps parallel to the loading direction, revealing that there was no relationship between the crystallographic orientation of the grain toward the loading axis and the KAM value. Further, there was no discernible change in the KAM values at different numbers of cycles. This indicates that the GND density remained almost constant at each stress amplitude with the increasing number of cycles in stage II. Moreover, as expected from Fig. 7, Fig. 8 shows that the distribution of the number fraction of KAM did not vary during cycling, indicating that the GND density did not change. Figure 6 shows that the dislocation density (ρ (GND + SSD) ) was almost constant in stage II, suggesting that not only the GND but also the SSD density remained constant during stage II. The dislocation density, dislocation arrangement, and crystallite size of the cyclically loaded ferritic SS at a stress amplitude of 250 MPa and different numbers of cycles are shown in Fig. 9 . The evolution of the dislocation characteristics with respect to the number of cycles is similar to that for the cyclically loaded austenitic SS. In stage II, the dislocation density, dislocation arrangement, and areaweighted crystallite size remained constant with increasing cycles, similar to the results for the austenitic SS. In stage I, the dislocation density increased, and the area-weighted crystallite size decreased. The dislocation density in the ferritic SS was lower than that in the austenitic SS (Fig. 6(a) ) at a stress amplitude of 250 MPa. This is because of the easy cross-slip of the dislocations in the ferritic SS. Easy cross-slip of dislocations leads to greater annihilation of dislocations and thus a lower dislocation density in ferritic SS. Compared with the austenitic SS (Fig. 6(b) ) at a stress amplitude of 250 MPa, the M parameter at a small number of cycles in stage I was higher than unity for the ferritic SS, indicating that the correlations between dislocations was weak. That is, the ferritic SS required a larger number of cycles to form strong correlations between dislocations (M < 1). These weak correlations between dislocations and the slow decrease in the M parameter are related to the low dislocation density of the ferritic SS. Additionally, stage II started at a larger number of cycles for the ferritic SS than for the austenitic SS.
Change in Dislocation Parameters with Different
Stress Amplitudes Figure 10 shows the dislocation arrangement and area-weighted crystallite size versus the dislocation density for fracture points of the cyclically loaded austenitic and ferritic SSs at different stress amplitudes, compared with the case of monotonic tensile loading at different flow stresses. The results of tensile loading for both SSs are also shown in Fig. 10 .
33) The M parameter of cyclic loading was smaller than that for tensile loading for both SSs. This small M parameter originates from the well-developed dislocation cell walls 7, 11) in cyclically loaded SSs, which are the responsible for the constant stage in the cyclic response. The dislocation cell walls confined the movement of dislocations during stage II 11, 34) (Figs. 6 and 9 ), resulting in almost constant dislocation parameters. On the other hand, the area-weighted crystallite size under cyclic loading was comparable to the tensile-loading results. Therefore, it can be concluded that the M parameter is related to the cyclic response of the austenitic and ferritic SSs. Figure 11 shows the proportion of screw dislocations to total dislocations with respect to the LCF life. The screw-dislocation percentage for austenitic SS was calculated using the q parameter results; the values of q varied between 1.55 (pure edge) and 2.35 (pure screw). These two values were determined according to the elastic constants of austenitic SS. 30, 35) The possible range of the q value for the ferritic SS, which was calculated using the elastic constants of body-centered cubic Fe, was between 1.36 (pure edge) and 2.68 (pure screw). 30, 36, 37) Because of the easy cross-slip of the dislocations in the ferritic SS compared with the austenitic SS, the dislocation mobility of the ferritic SS was likely to be higher than that of austenitic SS, resulting in greater annihilation of screw dislocations by the cross-slip in the ferritic SS. The higher frequency of annihilation of screw dislocations at a shorter LCF life for the ferritic SS was related to the increased amplitude of the stress applied to the material. On the other hand, for the austenitic SS, the screw-dislocation fraction remained almost constant with the increase in the LCF life, and the increase in the stress amplitude did not lead to the annihilation of screw dislocations. The dislocation density of the austenitic and ferritic SSs exhibited a linear correlation with the LCF life in a double-logarithmic graph, as shown in Fig. 12(a) . The LCF life decreased with the increase in the dislocation density, and the slopes differed between the austenitic and ferritic SSs. The dislocation density for the austenitic SS was higher than that for the ferritic SS, which is related to the differences in the work hardening of the SSs. Fig. 12(b) shows the log-log linear relationship between ρ/Δσ ts and the LCF life, which is independent of the work hardening of the SS. The maximum tensile work hardening, Δσ ts , is the difference between the true ultimate stress and the true yield stress (see Fig. 1 ). When the dislocation density was normalized by the maximum tensile work hardening, Δσ ts , the effect of the dislocation density on the LCF life was normalized, as shown in Fig. 12(b) . It may be assumed that the log-log linear relationship between ρ/Δσ ts and the LCF life is related to the similar yield strengths of the two SSs, according to Fig. 1 . However, very few cycles are needed to start plastic deformation compared with the LCF life (in the present cases, > 10 4 cycles); 38) thus, the yield stress cannot affect the LCF life. In austenitic SS, the correlation between dislocations is strong, owing to the high work hardening and high dislocation density. The strong correlation between dislocations increases the accumulation of dislocations in well-developed dislocation cell walls, which increases the potential sites for crack propagation; thus, the LCF life decreases.
Conclusions
(1) There is a log-log linear correlation between the LCF life and the dislocation density normalized by the maximum tensile work hardening for the austenitic and ferritic SSs.
(2) The proportion of screw dislocations in the ferritic SS decreases with the decrease in the LCF life because of the annihilation of screw dislocations due to the easy cross-slip of dislocations. However, in the austenitic SS, the dislocation character is hardly affected by the LCF life, owing to the difficulty of the cross-slip of dislocations.
(3) The dislocation arrangement parameter of cyclic loading is smaller than that of tensile loading for both the austenitic and ferritic SSs. The area-weighted crystallite size of cyclic loading is comparable to that of tensile loading. Thus, the dislocation arrangement parameter is related to the cyclic response for both the SSs.
(4) According to the X-ray DLPA results, the variation of the dislocation characteristics with respect to the number of cycles exhibits two stages: I) the variation of the dislocation characteristics and II) a constant stage. The dislocation density, dislocation arrangement parameter, and crystallite size do not change in stage II.
(5) The GND density and SSD density remain constant during stage II.
(6) The austenitic and ferritic SSs exhibit the same trend with regard to the changes in the dislocation parameters. Because of the easy cross-slip and the resulting greater annihilation of dislocations in the ferritic SS, the dislocation density in the ferritic SS is lower than that in the austenitic SS. A larger number of cycles is needed to form a strong correlation between dislocations in the ferritic SS than in the austenitic SS.
